A major hallmark of oxidative DNA damage after stroke is the induction of apurinic/apyrimidinic (AP) sites and strand breaks. To mitigate cell loss after oxidative DNA damage, ischemic cells rapidly engage the base excision-repair proteins, such as the AP site-repairing enzyme AP endonuclease-1 (APE1), also named redox effector factor-1 (Ref-1). Although forced overexpression of APE1 is known to protect against oxidative stress-induced neurodegeneration, there is no concrete evidence demonstrating a role for endogenous APE1 in the long-term recovery of gray and white matter following ischemic injury. To address this gap, we generated, to our knowledge, the first APE1 conditional knockout (cKO) mouse line under control of tamoxifendependent Cre recombinase. Using a well-established model of transient focal cerebral ischemia (tFCI), we show that induced deletion of APE1 dramatically enlarged infarct volume and impaired the recovery of sensorimotor and cognitive deficits. APE1 cKO markedly increased postischemic neuronal and oligodendrocyte degeneration, demonstrating that endogenous APE1 preserves both gray and white matter after tFCI. Because white matter repair is instrumental in behavioral recovery after stroke, we also examined the impact of APE1 cKO on demyelination and axonal conduction and discovered that APE1 cKO aggravated myelin loss and impaired neuronal communication following tFCI. Furthermore, APE1 cKO increased AP sites and activated the prodeath signaling proteins, PUMA and PARP1, after tFCI in topographically distinct manners. Our findings provide evidence that endogenous APE1 protects against ischemic infarction in both gray and white matter and facilitates the functional recovery of the central nervous system after mild stroke injury.
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ischemia | neurodegeneration | base excision repair | oxidative DNA damage | white matter injury F ocal ischemic injury in the brain is both a spatial and temporal event, wherein the infarct zone expands gradually over several days (1, 2) . However, if the stroke insult is moderate, the periinfarct regions may recover over time. The spontaneous recovery of periinfarct structures and neurological functions creates an opportunity to research the molecular mechanisms underlying endogenous neuroprotection and neural repair, which may accelerate the discovery of rational therapeutic targets for stroke treatment.
Oxidative DNA damage (ODD) is an early event following cerebral ischemia and reperfusion (3, 4) , and reversal of ODD in penumbral regions is associated with eventual recovery from such insult (4, 5) . Repair of ODD by the base excision-repair (BER) pathway targets oxidized DNA base lesions through a multistep process. First, base lesions are recognized by DNA glycosylases, which cleave the damaged bases and form temporary apurinic/ apyrimidinic (AP) sites. The AP sites are then recognized by the critical BER enzyme, AP endonuclease-1/redox effector factor-1 (referred to here as APE1) (6, 7). APE1 repairs AP sites by cleaving the phosphodiester backbone 5′ to the AP site and thus creating a 3′-OH group and a 5′-deoxyribose phosphate residue that is the preferred substrate for DNA polymerase-β (6) (7) (8) . As one of the major steps in BER, APE1 subsequently facilitates the engagement of DNA polymerase-β and DNA ligase I or III (8) . Inadequate repair capacity leads to the accumulation of unrepaired AP sites (9) and is associated with inexorable progression of the ischemic injury (3) . We and others have demonstrated that enhanced APE1 activity by means of transgenic overexpression or APE1 expression-inducing peptides, such as the pituitary adenylate cyclase-activating polypeptide (PACAP), confers robust neuroprotection against ischemic brain injury (10-12). Furthermore, a strong correlation exists between loss of APE1 expression in ischemic neurons and neuronal cell death after ischemia (9, (13) (14) (15) . Energy failure after ischemia has been speculated to deplete APE1 expression, thereby triggering neuronal death (16) . However, the role of endogenous APE1 in cellular protection from ischemic injury has not been unequivocally established, as knockout of this enzyme leads to catastrophic deficiencies in neurogenesis and is lethal embryonically (15, 17) .
Significance
AP endonuclease-1 (APE1)/redox effector factor-1 (Ref-1) is an essential DNA repair enzyme that has been difficult to study mechanistically because of embryonic lethality in conventional knockout animals. Thus, we generated a conditional APE1 knockout model to examine the protective role of endogenous APE1 in experimental stroke. Induced APE1 knockout in adulthood greatly exacerbated neuron and oligodendrocyte loss after mild ischemic stroke and prevented the intrinsic, long-term recovery of sensorimotor function and spatial learning and memory. APE1 knockout also aggravated ischemia-induced destruction of myelin and impairment of axon conduction in white matter. We conclude that APE1 dictates fundamental life and death decisions in both gray and white matter and plays an indispensable role in intrinsic recovery after mild ischemic injury.
Concrete evidence has been lacking thus far to establish a role for endogenous APE1 in long-term functional recovery following mild neural injury. Furthermore, the mechanisms that underlie cell death as a result of the accumulation of unrepaired ODD are still poorly understood. To assess the role of endogenous APE1 in protection from ischemic injury, we generated, to our knowledge, the first APE1 conditional knockout (cKO) mouse line under the control of a tamoxifen-inducible Cre recombinase. Our findings reveal that the accumulation of ODD and the activation of prodeath programs in tamoxifen-treated APE1 cKO mice are markedly increased in neurons and oligodendrocytes after a transient cerebral ischemic insult, augmenting injury in both gray and white matter and exacerbating behavioral outcomes. These data highlight an important role for endogenous APE1 in innate protective mechanisms in gray and white matter following cerebral ischemia and reperfusion, and suggest that DNA repair through the BER pathway is an essential step for the spontaneous recovery of behavioral function following ischemic injury.
Results
Induced Knockout of APE1 Potentiates Cerebral Ischemic Injury.
Previous attempts at global knockout of the APE1 gene resulted in embryonic lethality on embryonic days (E)5 to E9 (15, 17) . Thus, a conditional APE1 knockout mouse line was created by insertion of loxP sites around exons IV and V of the Apex1 gene (details are provided in SI Methods) (Fig. S1 ). The homozygous APE1 flox/flox mice were viable, fertile, and normal in size and did not exhibit any gross physical or behavioral abnormalities. APE1 flox/flox mice were then crossed with hemizygous CAGGCre-ER mice carrying tamoxifen-inducible, ubiquitously expressed Cre-recombinase (18) to generate mice of which 50% were CAGGCre-ER; APE1 flox/wt (Fig. S2A ). These mice were bred to APE1 flox/flox mice, yielding offspring of which 25% had the genotype CAGGCre-ER; APE1 flox/flox (Fig. S2C) . Mice with the genotype CAGGCre-ER; APE1 wt/wt served as controls ( Fig. S2B ) and received the same tamoxifen treatment. In the following text and figures, APE1 cKO and APE1 WT are used to refer to the CAGGCre-ER; APE1 flox/flox and CAGGCre-ER; APE1 wt/wt mice, respectively, both after tamoxifen treatment. To induce Cre-mediated recombination, tamoxifen was administered (75 mg/kg, i.p.) for 5 d at 8-12 wk of age, which effectively decreased APE1 protein expression in various brain regions of APE1 cKO mice (Fig. S2D) . Furthermore, lysates derived from APE1 cKO brains were ineffective in repairing AP sites in an in vitro DNA repair assay (Fig. S2E) . Thus, the APE1 cKO mice showed not only ablated APE1 gene expression in the brain, but also suppressed intrinsic DNA repair activity through the BER pathway.
We evaluated the effect of conditional APE1 knockout on stroke outcomes to indirectly test the hypothesis that the accumulation of AP sites in the ischemic brain worsens neurological outcomes after cerebral ischemia. Transient focal cerebral ischemia (tFCI) was induced in mice for either 30 or 60 min by means of middle cerebral artery occlusion. Physiological parameters, including core temperature and blood gases, were maintained in the normal range in all groups during tFCI. Regional cerebral blood flow (CBF) was measured by 2D laser-speckle imaging during tFCI until 45 min following reperfusion onset. The ischemic core and penumbral regions during tFCI (defined as regional CBF < 20% and between 20% and 35% of preischemic baseline, respectively) were of equivalent sizes in APE1 cKO and APE1 WT brains (Fig. 1A) , confirming that the initial insult was of the same magnitude in both genotypes. The ischemic infarct in APE1 WT mice was limited to the striatum 48 h after 30 min of tFCI, whereas the infarct encompassed both the striatum and the frontal-parietal cortex 48 h after 60 min of tFCI ( Fig. 1 B and C) . As expected, infarct volume was dramatically increased in APE1 cKO mice compared with APE1 WT mice after either 30 or 60 min of tFCI ( Fig. 1 B and C) . We also observed a significant increase in mortality in the APE1 cKO mice (recorded up to 28 d after 60 min of tFCI) (Fig. 1D ). These findings suggest that endogenous APE1 reduces the consequences of DNA damage. To avoid potential confounds from exclusion of animals in the APE1 cKO group because of high mortality, we used the 30-min tFCI model for further experiments. Use of the milder injury also allowed us to examine whether APE1 contributes to recovery of neurological function in otherwise untreated animals. Consistent with the hypothesis that APE1 rescues cells from ischemic injury, APE1 cKO mice exhibited greater numbers of degenerating TUNEL + and Fluoro-Jade + profiles at 48 h after 30 min of tFCI. In APE1 WT mice, ischemia-induced cell death was prominent in the striatum but modest in the cortex; in APE1 cKO mice, ischemic cell death was significantly potentiated in both striatum and cortex, consistent with expansion of the infarct region (Fig. 1E ). These results support the conclusion that APE1 attenuates the consequences of ischemic brain injury. To determine if loss of endogenous APE1 worsens neurofunctional outcomes after cerebral ischemia, we subjected APE1 cKO and APE1 WT mice to 30 min of tFCI and performed behavioral (E) Memory was tested at 27 d after tFCI. The percentage of time spent in the target quadrant after the platform was removed was plotted to reflect memory. (F) Swimming speed was assessed at 27 d after tFCI for each genotype, to ensure that the observed differences did not reflect compromised swimming abilities.
assessments at various times after reperfusion: including the rotarod test (1-7 d), corner test (3-28 d), and Morris water maze (22-27 d) . According to the rotarod and corner test results, postischemic APE1 WT mice were indistinguishable from sham control animals by 7 d after tFCI, consistent with previous observations that mild ischemiachallenged mice rapidly recover sensorimotor function. Induced deletion of APE1 significantly worsened postischemic neurobehavioral performance compared both to sham controls and postischemic APE1 WT mice throughout the testing period ( Fig. 2 A and  B) . In addition, spatial learning and memory in the Morris water maze-which depend partially on hippocampal integrity-were significantly worse in postischemic APE1 cKO mice compared with postischemic APE1 WT mice. That is, APE1 cKO increased the amount of time within a trial that the mouse needed to find the hidden platform (impaired learning), as well as decreased the percentage of time spent swimming in the target quadrant when the platform had been removed after the learning period (impaired memory) (Fig. 2 C-E) . This degree of spatial memory impairment is not typically observed in the 30-min tFCI model, as shown by the lack of difference between postischemic APE1 WT mice and sham controls ( Fig. 2 C-E) . No differences between postischemic groups were observed in swim speed at 27 d after tFCI (Fig. 2F ), indicating that gross motor differences did not confound the interpretation of APE1 knockout effects on spatial learning and memory. The cognitive deficits observed over the extended survival period correlated with histological damage in striatum and cortex, as there was greater loss of microtubule-associated protein 2 (MAP2) staining in the APE1 cKO mice compared with APE1 WT mice at 28 d following 30 min of tFCI (Fig. S3) . Taken together, these data demonstrate that loss of endogenous APE1 protein increases cellular damage and potentiates sensorimotor and cognitive impairments following cerebral ischemic insults, in support of a significant role for APE1 in the mitigation of ischemic injury.
APE1 Deficiency Potentiates the Accumulation of ODD Following Mild
Ischemic Injury. Acute ODD has long been associated with cell injury, and the accumulation of unrepaired ODD in response to cytotoxic stimuli, including ischemia, engages cell death cascades (1, 3, 19) . As APE1 is an essential component of the DNA BER process, loss of APE1 activity is expected to lead to robust accumulation of ODD in cells after ischemia with reperfusion. Using three distinct measures of ODD, we verified that induced knockout of APE1 led to significant increases in ODD in the postischemic brain. Tissues collected from postischemic cortex and striatum, respectively, were quantitatively assessed for the number of AP sites and cells containing DNA single strand breaks (SSB) using the ELISA and DNA polymerase I-mediated biotin-dATP nick-translation (PANT) assay (3), respectively. In postischemic APE1 WT mice, AP sites (Fig. 3A) and SSB-containing cells (Fig. 3B) were increased early (0.5 h of reperfusion) after 30 min of tFCI in both the striatum and cortex. For at least 24 h thereafter, AP sites and SSB-containing cells remained elevated over sham controls in the striatum but subsided near to sham control levels in the cortex, reflecting an effective intrinsic recovery process in the postischemic cortex of APE1 WT mice. In contrast, AP sites and SSB-containing cells were remarkably elevated in both the postischemic striatum and cortex in APE1 cKO mice throughout the 24-h reperfusion timeframe, and ODD levels were significantly increased compared with the APE1 WT mice in both brain regions (Fig. 3 A  and B) . Because the increase in AP sites in the cortex is sustained instead of transient following loss of APE1, we conclude that APE1 facilitates recovery from DNA damage in gray matter.
H2AX, a member of the histone H2A family, is a DNA damagesensing protein that is activated by phosphorylation at Serine 139, and this phosphorylated H2AX (p-H2AX) can be detected immunohistochemically as dense foci in nucleosomes (20) . The levels of p-H2AX were significantly increased in the postischemic cortex 2 h after 30 min of tFCI in the APE1 WT mice, but subsided to control levels within 8 h (Fig. 3C) , again consistent with an intrinsic recovery process for ODD in the postischemic cortex. APE1 cKO mice exhibited similar p-H2AX levels in the postischemic cortex as APE1 WT mice at 2 h following 30 min of tFCI, but had significantly higher p-H2AX levels at 8 and 24 h following reperfusion, suggesting impaired recovery from ODD (Fig. 3C) . Doublelabel immunofluorescence revealed elevated immunofluorescence of p-H2AX, exhibiting increased intensity of punctate granules in NeuN + cortical neurons of APE1 WT mice at 2 h after 30 min of tFCI, but this pattern of punctate staining was diminished by 24 h following reperfusion (Fig. 3D) . In contrast, in APE1 cKO mice there was a similarly high level of p-H2AX immunofluorescence at 2-h reperfusion, but it persisted for at least 24 h (Fig. 3D) . Not surprisingly, the persistent presence of DNA damage in the cortex of APE1 cKO mice closely correlates with the regional patterns of ODD induction in the forms of AP sites and SSB (Fig. 3 A and B) . These findings strongly suggest that loss of APE1 interferes with the cellular recovery process in the postischemic penumbra, likely contributing to the expansion of the infarct zone to the overlying cortex ( Fig. 1 B and C) . Thus, induced deletion of APE1 leads to the failure of DNA repair, and the resulting accumulation of ODD correlates with potentiation of cerebral ischemic injury.
APE1 Deficiency Enhances Mitochondrial Translocation of PUMA in
Apoptotic Ischemic Neurons. In our investigation of the effects of APE1 knockout on ischemic injury, we explored the extent of destruction of specific cell populations (i.e., neurons and oligodendrocytes) within ischemic brain regions following 30 min of tFCI. We found extensive colabeling of the neuronal marker NeuN with TUNEL in the cortex of APE1 cKO mice 24 h after tFCI (Fig.  4A) . As the p53 up-regulated modulator of apoptosis (PUMA) is a proapoptotic protein whose expression is regulated by the tumor suppressor p53 as part of the DNA damage response after cerebral ischemia (21), we explored whether the exacerbation of cell death by APE1 knockout was associated with increased expression of PUMA. In sham control mice or APE1 WT mice subjected to 30 min of tFCI, PUMA was nearly undetectable by Western blot analyses in either the cytosolic or mitochondrial fraction of cerebral cortical extracts (Fig. 4B) . However, in APE1 cKO mice subjected to 30 min of tFCI followed by 8 or 24 h of reperfusion, PUMA expression was significantly elevated in both cytosolic and mitochondrial fractions (Fig. 4B) , which supports the notion that the accumulation of ODD because of loss of APE1 causes PUMA up-regulation in postischemic brain. The presence of PUMA in the mitochondrial fraction suggested that this protein (PUMA) is translocated into mitochondria in postischemic neurons. Indeed, double-label immunofluorescent staining exhibited a punctate pattern for PUMA that was closely associated with the mitochondrial marker TOM20 (translocase of outer membrane 20 kDa) in cortical neurons 8 h after tFCI (Fig. 4C) . Moreover, the increased PUMA immunofluorescence was particularly evident in TUNEL + cortical cells displaying condensed and fragmented nuclei 24 h after tFCI (Fig. 4D) . These findings support the hypothesis that the induction of PUMA may mediate the degeneration of APE1-deficient cortical neurons after ischemia and reperfusion. White matter injury (WMI) contributes significantly to both sensorimotor and cognitive neurological deficits after cerebral ischemia (22) . However, the role of DNA damage and repair in ischemic WMI has been largely overlooked. The APE1 cKO brain exhibited a marked postischemic increase in the number of TUNEL + cells within white matter tracts of the corpus callosum (CC) and external capsule (EC) 48 h after 30 min of tFCI compared with the APE1 WT brain (Fig. 5 A and B) . To determine the cell types undergoing apoptosis, we performed double-label immunofluorescent staining for TUNEL and cell makers for microglia/macrophages (Iba1), astrocytes (glial fibrillary acidic protein, GFAP), or mature oligodendrocytes (adenomatous polyposis coli, APC). In the CC/EC of APE1 cKO mice, the majority of TUNEL + cells expressed APC (Fig. 5 C and D) . In contrast, in the CC/EC of APE1 WT postischemic mice, few APC + cells were TUNEL + . Furthermore, microglia and astrocytes in the CC/EC were largely TUNEL − after 30 min of tFCI in both groups of animals (Fig.  S4) . Similarly, in the striatum (another white matter-enriched region) of postischemic APE1 cKO mice, the number of TUNEL + /APC + cells was remarkably greater than in APE1 WT postischemic striatum (Fig. S5A ). These data suggest that mature oligodendrocytes and neurons represent vulnerable cell populations in the white matter and gray matter of APE1-deficient mice, respectively. DNA damage may activate the protein poly(ADP ribose) polymerase 1 (PARP1), which catalyzes the formation of poly(ADP ribose) polymers (PAR) using NAD + as substrate, thus eliciting intracellular NAD + and ATP depletion (21) . PAR is a death signal in neurons after ischemia and reperfusion (23) . Therefore, we assessed PAR immunoreactivity-evidence of PARP1 activity-in CC/EC protein extracts after tFCI. As expected, APE1 cKO mice had significantly higher levels of PAR in the CC/EC compared with APE1 WT mice (Fig. 5 E and F) . Similar results were observed in the striatum (Fig. S5C) . As shown by double-label immunofluorescence, PAR was largely localized to nuclei of APC + cells in the CC/EC (Fig. 5G ) at 48 h after tFCI, whereas PAR immunofluorescence was elevated in both APC + and APC − cells in the postischemic striatum (Fig. S5B) . Nevertheless, the number of PAR + / APC + cells was markedly greater in both the CC/EC (Fig. 5H ) and striatum (Fig. S5B ) of APE1 cKO mice after tFCI when compared with APE1 WT mice. Taken together, these findings suggest that compromised DNA repair in APE1 cKO mice leads to the activation of the prodeath PARP1 protein in mature oligodendrocytes after tFCI, which could promote ischemic WMI.
APE1 Deficiency Exacerbates Myelin Loss and White Matter Dysfunction
After Mild Ischemic Injury. Functional assessments of white matter are becoming increasingly prevalent in stroke studies, as histological assessments of gray matter do not always coincide with changes in behavioral functions. Using histological indicators of white matter integrity, we examined the impact of APE1 knockout on WMI 28 d after 30 min of tFCI. For these studies we relied on immunohistochemical staining with the SMI-32 antibody, which recognizes the nonphosphorylated epitope of neurofilament H, a robust marker of demyelination (24) . Under sham control conditions, faint staining with SMI-32 was visible in the CC/ EC region and striatum (Fig. 6A) . In APE1 WT mice, striatal SMI-32 immunoreactivity was enhanced after tFCI, resulting in an increased ratio of SMI-32 to myelin basic protein (MBP) (Fig. 6A) . In contrast, no changes were detected in the CC/EC of these animals, suggesting that this region lay outside the zone of permanent WMI following mild ischemic injury. In APE1 cKO mice, a dramatic increase in SMI-32 immunoreactivity was evident in both the CC/EC and fascicles of the striatal internal capsule after tFCI, suggesting an expansion of the zone of permanent WMI (Fig. 6A) . A simultaneous reduction in the intensity of MBP was observed in the postischemic brain of APE1 cKO mice, most notably along the fiber tracts of the CC/EC (Fig. 6A) , indicating a loss of white matter myelination. Accordingly, the ratio of SMI-32 to MBP was markedly increased in the CC/EC and striatum of APE1 cKO mice compared with the APE1 WT mice after tFCI (Fig. 6A) . Western blots on tissue lysates from the CC/EC and striatum showed a dramatic reduction in MBP expression in both regions after tFCI in APE1 cKO mice compared with APE1 WT mice (Fig. 6B and Fig. S6 ).
The immunohistochemical detection of white matter markers described above demonstrates that the loss of APE1 enhances demyelination after ischemia. Therefore, we sought to determine if increased demyelination of the white matter tracts led to a loss in the functional integrity of white matter. Using electrophysiological assessments of compound action potentials in the CC/EC from coronal brain slices harvested 28 d after 30 min of tFCI, we found a significant reduction in the peak amplitude in APE1 cKO mice (Fig. 6C) , reflecting impairments in conduction along myelinated axons. This effect was not evident in sham controls of the APE1 cKO mice or the APE1 WT mice after tFCI. Taken together, the data suggest that APE1 protects against the development of postischemic infarction and is critical for the structural preservation of gray and white matter and the recovery of behavioral function after mild ischemic injury.
Discussion
To our knowledge, the present study provides the first direct evidence that endogenous APE1 naturally blunts the progression of gray and white matter injury in experimental stroke and facilitates poststroke functional recovery. Four major findings from this study contribute to our understanding of the role of DNA repair in the intrinsic recovery process after cerebral ischemia and reperfusion. First, the loss of APE1 largely prevents the intrinsic repair of AP sites in gray matter and promotes the accumulation of ODD in the form of AP sites and strand breaks in the postischemic brain. Second, loss of APE1 dramatically exacerbates ischemic cell death of neurons and oligodendrocytes, probably through activation of distinct cell death programs, such as PARP1-and PUMA-dependent signaling pathways. Third, the loss of APE1 augments postischemic demyelination and white matter dysfunction. Fourth, the loss of APE1 inhibits the endogenous recovery of sensorimotor function and spatial learning and memory under mild injury conditions. Historically, the role of endogenous APE1 has been difficult to assess, particularly in targeted structures, such as the brain or in specific cellular subtypes. The conventional global knockout of APE1 causes early embryonic lethality (15, 17) , which both underscores its essential role in cell survival and creates an impediment to studying its function in adult animals. Several techniques have been used to generate APE deletion models, including RNA interference and the generation of APE1 knockout cells that survive because of the coexpression of human APE1 under a conditional promoter (14, 25) . However, these models only have limited applicability in animal studies. By creating a conditional APE1 knockout mouse that allows for disruption of the APE1 gene in adulthood, we have demonstrated here that APE1 unequivocally contributes to endogenous neuroprotection against ischemic injury in vivo, validating it as a potential target in neurotherapeutic strategies. A robust exacerbation of ischemic injury was evident in APE1 cKO mice, not only promoting cell death in gray and white matter, but also extending to behavioral outcomes. Although the data contribute to our understanding of the role of DNA repair in cellular recovery from cerebral ischemia, the use of this APE1 cKO mouse line could easily be extended to other models, including genesis of chemotherapy-resistant tumors in different cellular subtypes, traumatic CNS injury, aging and neurodegenerative diseases, mitochondrial DNA repair, and so forth.
Our data consistently demonstrate that APE1 knockout mice exhibit worse outcomes following transient cerebral ischemia. This observation could be interpreted as arising from two distinct mechanisms that are not mutually exclusive. First, given that the mortality rate after moderate (60 min) ischemia was higher in APE1 knockout mice, the loss of APE1 before the insult could potentiate cellular injury by creating a baseline level of unrepaired ODD that rises above a lethality threshold upon ischemic injury. This stressful baseline environment might be considered an "aginglike" phenotype, wherein accumulation of ODD sensitizes the system to subsequent oxidative insults, such as ischemia. Alternatively, ischemic injury and ODD might induce APE1 activity immediately following reperfusion, especially in those cells that are not severely injured or are located in the penumbra. The loss of APE1 would then represent a failure in postischemic recovery that may be independent of a predisposition, as implied in the first scenario. In either scenario, the repair of ODD would be essential to eventual structural and functional recovery. Both alternatives are consistent with a prolonged accumulation of AP sites and DNA strand breaks in ischemic APE1 knockout animals. Further studies to distinguish between the two alternatives are warranted.
The molecular mechanisms underlying WMI after stroke and the roles of APE1/DNA repair in this process have only recently begun to be explored. White matter is remarkably sensitive to ischemic injury (26) , and white matter repair may be critical to improving functional recovery following cerebral ischemia. Our data demonstrate that APE1 promotes the survival of oligodendrocytes and both the structural and functional integrity of white matter after a transient ischemic episode. These data support the concept that white matter mounts a programmed response to ischemic injury and that APE1 is a major component of a white matter selfdefense and self-repair program. Future studies targeting APE1 knockout specifically to white matter cell populations, such as the myelin-producing oligodendrocytes, may help verify the role of white matter injury and repair in postischemic outcomes and potentially lead to new therapeutic strategies that encompass both gray and white matter.
Our data suggest that the loss of APE1 leads to the activation of two distinct prodeath signaling pathways, PUMA and PARP1, which may underlie pathological events following ODD accumulation. The potentiation of ischemic WMI by compromised DNA repair (or the lack of adequate recovery) appears to be primarily associated with PARP1 activation. Whether the activation of PARP1 in white matter reflects a secondary or bystander cell death process in response to neuronal injury is still unknown, but can be addressed by further studies using cell-specific approaches. The neuronal activation of PUMA in the ischemic cortex represents a proapoptotic process that demands energy (27) , thus indicating that the molecular mechanisms underpinning the ischemic response by neurons may be intrinsically different from in the white matter because of distinct energy reserves or capacities. In contrast to PUMA, PARP1 activation is generally associated with necrosis and catastrophic depletion of energy stores.
A parsimonious explanation of the observed regional differences between the striatum and cortex is differences in the degree of blood flow interruption during the stroke event itself. In this context, induction of APE1 is well established in sublethal injury models (5, 28) . Therefore, regions that lie proximal versus distal to the ischemic core may rely differentially on APE1. Other topographical differences between the striatum and cortex, such as unique efferent and afferent projections, heterogeneity in glial subpopulations, and differential expression of neurotransmitters and prosurvival proteins, might contribute somewhat to the regionally selective responses to ischemic injury in the APE1 knockout mouse. Further investigations using cell and region-specific targeting of APE1 knockout could help address these questions and better define mechanisms associated with specific cell subtypes (neurons, astrocytes, oligodendrocytes, endothelial cells, and so forth) and with topographically selective vulnerabilities. The new conditional APE1 knockout model described here offers a novel platform on which to rigorously examine these important variables in greater mechanistic depth.
Although best characterized for its DNA repair function, APE1 also contains a highly sensitive redox region that is dependent on a cysteine residue within its N-terminal region (29) . Several studies implicate this region in influencing the activity of a number of transcription factors, such as AP-1, Myb, NF-κB, HIF-1α, ATF/CREB, p53, and so forth (reviewed in ref. 28) , and indicate that the redox function of APE1 acts independently of DNA repair activity. Our current model explored a relatively acute timeframe following cerebral ischemia and correlated the loss of APE1 with accumulation of ODD. However, it is possible that deleterious outcomes following a transient ischemic insult in the APE1 knockout mouse may be influenced by the lack of the redox action of APE1 in addition to its role in DNA repair. Comparison of the effects of gene knock-in of APE1 containing point mutations of the redoxactive site versus of the DNA repair-competent site would be a logical progression for future studies. It should be noted here that overexpression of exogenous APE1 with a mutated DNA repair site but an intact redox site does abolish its protective effects against ischemia (10) , indicating that the repair function is indeed critical for protection against ischemic injury.
We have provided evidence that cKO of APE1 in the adult mice exacerbates ischemic injury in both gray and white matter, perhaps via topographically distinct activation of prodeath signaling pathways. To our knowledge these data provide the first animal model of targeted APE1 knockout and support the engagement of multiple distinct cell death mechanisms following cerebral ischemia. The defensive role of endogenous APE1 in stroke is consistent with human studies showing that single nucleotide polymorphisms in the APE1 gene are associated with greater risk for cerebral ischemic infarction (30) . Further studies assessing the role of DNA repair in specific cell types in the brain and under different injury conditions may accelerate the development of successful therapeutic interventions for stroke victims.
Methods
Generation of Conditional APE1 Knockout Mice. APE1 flox/flox mice were generated on a C57BL/6J background as described in SI Methods. To obtain conditional APE1 knockout mice, homozygous APE1 flox/flox mice were crossed with hemizygous CAGGCre-ER mice (The Jackson Laboratory), in which the Cre-mediated recombination is controlled by tamoxifen and is ubiquitous in all tissues (18) . CAGGCre-ER; APE1 flox/flox mice were obtained after at least two generations of crossing (Fig. S2A) and transformed into conditional APE1 knockout (APE1 cKO) animals following tamoxifen injections (75 mg/kg, i.p., once a day for 5 d). Mice with the genotype of CAGGCre-ER; APE wt/wt were used as controls (APE1 WT) (Fig. S2B ) and received the same tamoxifen treatment regimen in all studies. Induced knockout of APE1 was confirmed by Western blotting (Fig. S2D) .
Transient Focal Cerebral Ischemia Model. Twenty-four hours after the last tamoxifen injection, tFCI was induced in adult male mice (8-10 wk old, 25-30 g) by intraluminal occlusion of the left middle cerebral artery, as described previously (31) . Surgeries and all outcome assessments were performed by investigators blinded to mouse genotype and experimental group assignments. All animal procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee, and performed to NIH guidelines.
Neurofunctional Assessments. Neurobehavioral tests were carried out 3 d before and 1-28 d after tFCI. Sensorimotor deficits were evaluated by the rotarod and corner tests. Cognitive deficits were evaluated by the Morris water maze test.
Assessment of Gray and WMI. Details of histological assessments for brain injury are further described in SI Methods. Neuronal (i.e., gray matter) injury was assessed by MAP2 immunostaining (28 d following tFCI) and by double-label immunofluorescent staining for NeuN and the DNA damage marker p-H2AX (2 h and 24 h following tFCI) or TUNEL (24 h following tFCI). WMI induced by tFCI was examined at the histological and functional levels. Free-floating coronal brain sections (30 μm) were processed for immunostaining with MBP and SMI-32 antibodies. White matter damage was quantitated as the ratio of SMI-32 to MBP immunostaining relative to sham animals. The functional integrity of white matter was assessed by measuring compound action potentials (CAPs) in the CC and EC of coronal brain slices (350-μm thick), as described previously (32) .
Assessment of ODD. DNA SSB were detected on fixed coronal brain sections using DNA PANT, as described previously (3) . PANT + cells were stereologically quantified by a blinded investigator. Contents of AP sites were measured with the biotin-labeled aldehyde reactive probe in a colorimetric assay (10) .
Statistical Analyses. Data are presented as mean ± SEM. Differences between means from two groups were analyzed by the Student's t test (two-tailed). Differences in means from multiple groups were analyzed using one-or twoway ANOVA followed by the Bonferroni/Dunn post hoc correction. Comparisons of animal survival rates were performed by Kaplan-Meier survival analysis. A P value less than 0.05 was deemed statistically significant.
